Crack length evaluations for cyclic loading and sustained loading at high temperature and a mix of both have been conducted on Inconel 718 surface crack specimens at 550
Introduction
Long dwell times at high temperature are frequently seen in e.g. gas turbine applications, e.g. at constant power output for land based turbines, at cruise for aero engines or at slowly applied ramps of engine thrust. The effect of hold times and the associated change in crack growth behaviour has been studied in e.g. [1] [2] [3] [4] , where it is shown that an increased crack growth rate is gained which also causes intergranular crack growth, this in contrast to cyclic loadings of not too low frequency in which mainly transgranular crack growth is observed. Further, in e.g. [4, 5] a characterisation of how loading frequencies influence the hold time behaviour of Inconel 718 was made, and it was shown that not only sustained load but also e.g. a triangular wave of low loading frequency gave hold time effects, which further emphasises the importance of being able to predict the phenomenon.
Several authors have studied the effect of dwell times (sustained load/hold times) on various materials, e.g. Inconel 718 [6] [7] [8] [9] [10] , low-alloy steel [11] , Inconel 100 [2] , and Inconel 718, 706, 783, Udimet 720 and Waspaloy [12] ; all for various temperatures (although mainly for 650
• C) and lengths of dwell time. The main conclusion drawn in all of these works is that a volume of material around the crack tip is affected by some damage mechanism. The two dominating explanation models for the phenomenon are dynamic embrittlement (DE) and stress accelerated grain boundary oxidation (SAGBO), which describe different ways in which oxygen (among other embrittling elements) affects the grain boundaries [13, 14] . Briefly, the two mechanisms can be described as follows; DE is a cracking process where embrittling elements (e.g. oxygen) weaken the grain boundaries, which allows for further crack advancement as they crack, see e.g. [8, 11, 13] . SAGBO on the other hand involves oxidation of grain boundaries and their subsequent cracking [14] . The active mechanism will leave stronger grain boundaries behind in the form of unbroken ligaments and islands of unbroken material, which can be seen when breaking up specimens and investigating the fracture surfaces [11, 15] .
It is at this stage important to note that there exist two distinct options of how to define the zone of material damage: (1) the local region where the oxidation processes take place in the undamaged material (nanometre scale [16] ), and (2) part of the area behind the boundary of undamaged material, consisting of unbroken ligaments and islands of unbroken material (which may be tenths of mm in depth [17] ). The latter viewpoint (adopted in this paper) implies a macroscopic crack front located somewhere in between the boundary of undamaged material and the completely through-cracked area with no left overs from the damage process, which is what the potential drop (PD) signal defines as the size of the crack [18] . Alternative measurement techniques, e.g. by compliance, have confirmed the same observations, namely that crack lengths are underestimated compared to measurements on the fracture surfaces [2] . From the discussion above, it becomes apparent that one not only has to consider the damaged zone when evaluating post-mortem fracture surfaces, but also when constructing crack propagation models, where the load history and its effect on the material crack propagation resistance must be taken into account. In Fig.  1 a schematic illustration of how the damaged zone D and crack length are related to each other can be found. Although comprehensive studies of sustained load at high temperatures and the observed effects have been carried out, see above, the evaluation method and its consequences on the crack growth rate description has not frequently been studied.
An investigation of how to predict the correct crack propagation rate by using different evaluation methods will therefore be most important in order to design for safe life of relevant components. In this paper, three different crack length evaluation methods are investigated on Inconel 718 surface crack specimens that have been subjected to cyclic load, sustained load, and a mix of both, see [17] , for the temperature 
550
• C. From post-mortem beach marks on fracture surfaces, a study of how the crack length and damaged zone have developed for different load cycles are performed. Further investigation of fracture surfaces using scanning electron microscope (SEM) has also been conducted in order to complement the study of evaluation methods and PD measurements. With these observations, a successful description of the observed differences between the evaluation methods is reached.
Experiments

Experimental procedure
Fatigue crack growth tests were performed, by load control, at 550
• C on wrought Inconel 718 with an approximate grain size of 10 µm using Kb-type (surface crack) specimens with rectangular cross sections of 4.3 × 10.2 mm, see Fig. 2 . The initial notch was created by electro discharge machining (EDM), and subsequent pre cracking was done at room temperature using a 10 Hz sine wave with a max load of 650 MPa and R σ = 0.05. Crack growth was monitored by direct current potential drop (DCPD), while the subsequent stress intensity factor (SIF) evaluation [19] was done by assuming a semi-circular crack front.
Evaluation methods
In all tests the point of consideration was the deepest point of the crack geometry, for which the cracked area was evaluated through a calibration curve, derived from either (i) the post mortem fracture surface observations, or from (ii) a pre-made pure cyclic test by measuring induced beach marks on the fracture surface resulting from temperature changes. In the former case a linear curve is used for describing the relation between the PD value and the crack area (i a ) or crack length (i b ), where the two end points will be the end of the pre-crack and the start of the final fracture surface, respectively, see Fig. 3 for an overview of the explained methods.
More specifically, in method (i a ) Eq. (1) is used for translating the PD values from the cracked area from the fracture surface to crack length, i.e. the fractured area is assumed to be proportional to the PD signal. The values in Eq. (1) is derived by examining the post-mortem fracture surface in each test, and then subsequently setting up the necessary linear line parameters, cf. Fig. 3 (far left plot marked with i a ).
Evaluation method (i b ) utilises Eq. (2) for directly transmitting equivalent crack length (derived from the surface area), assumed to be proportional to the PD signal on the post-mortem fracture surfaces. The parameters for the equation is gained by examining each post-mortem fracture surface together with the associated PD value, and exactly as with method (i a ) above, derive the linear line parameters, cf. Fig. 3 (middle plot marked with i b ).
In the latter case, i.e. method (ii), a polynomial expression for the newly produced crack area may be set up between the different beach marks gained from the temperature changes in the pre-made cyclic test. In this method the newly produced crack area is defined to be from the EDM notch, i.e. the first PD value is gained from when mounting the test specimen, which is then subtracted from the measured PD signal. To derive the polynomial expression used for evaluating the crack length, the PD value (subtracted from the EDM notch), is plotted to its respective newly produced cracked area (from the induced beach marks), see Fig. 3 (far right plot marked ii). In this specific setup, see Eq. (3), a second degree polynomial expression is used to describe this process. Clearly, method (ii) incorporates the effect of areas with ligaments and islands, and also provides the means of measuring the damaged zone as the difference between the final crack length seen on a post-mortem fracture surface and the associated PD-based length value; a possibility not provided by method (i).
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Performed tests
The tests used in this study are of three different types, all for 550
• C, namely
• Cyclic load test: 0.5 Hz, σ max =650 MPa, R σ = 0.05
• Test with a mix of sustained and cyclic loads: 0.5 Hz, σ max =650 MPa, R σ = 0.05
where the mixed test of sustained and cyclic load, see Fig. 4 , is used for calibrating a developed crack growth model [17, 20] , where the test specimen is subjected to continuous cycling to a crack length of 0.55 mm, after which it is subjected to a hold time loading to a crack length of 1.8 mm, during which the crack growth rate da/dt attains a linear behaviour in a log-log plot vs K max , see Fig. 11 and [17] . Finally, the specimen is subjected to continuous cycling to a final crack length of about 2.6 mm. All load reversals were conducted at R σ = 0.05 with a 0.5 Hz sine wave. The other two tests were performed from an initial crack length of 0.5 mm and 0.35 mm, respectively, to a final crack length of 2.5 mm and 2.0 mm, respectively (by PD from method (ii)) and a max load of 650 MPa. A complete summary of the different tests performed is found in Table 1 .
Results and discussion
Cyclic test
The standard cyclic test was performed to see the influence of the different evaluation methods described in the above section. More specifically, different crack propagation rates will be gained. The first method (i a ) where the fracture surface area is assumed to be proportional to the PD signal is based on how the cracked area is evolved, which is in contrast to method (i b ) where the crack length is used for calibrating the crack growth rate. The difference between the two methods is clear, for (i a ) the time to reach a larger area corresponding to the same crack length as in (i b ) will have to be faster due to the semi-circular area expression. However, as the cracked area reaches a higher value the growth rate will progressively slow down for method (i a ). A similar behaviour can be seen for method (ii) where the crack area is derived through a second degree polynomial expression. Here the rate will be slightly less than the linear area expression but still faster than method (i b ) where the crack length is considered to be linear with respect to the PD value, see Eq. The above behaviour will of course be reflected on the crack propagation rate description by giving different Paris law parameters, which will in turn affect life to failure predictions. By considering this and observing Fig. 6 where the result for the cyclic test is presented, one can conclude that the difference is not negligible. 
Mixed test
On the fracture surface in Fig. 7 , one can see induced (white) markings, caused by the different loading modes the specimen have been subjected to, where one can identify (from the crack start at the bottom of the notch to the end of final crack): (a 0 ) the initial notch, (b) the pre-crack (c) the first cyclic block, (d) a zone marking the end of the hold time block (including the damaged zone D ), and finally (e) an area marking the situation where the crack has propagated through the damaged zone and into unaffected material (not affected by any material damage). Each marking is given an equivalent length, which is derived from area measurements, and converted to an effective distance using the assumed semi-circular crack shape, i.e. the same way the PD signal is evaluated. In addition, two markings gained from evaluation method (ii) are shown (both marked in yellow), 1) the end of the hold time block and 2) the equivalent damaged zone derived from evaluating Fig. 8 . The region defined by (d) in Fig. 7 includes a damaged zone, consisting of ligaments and islands of unbroken material with reduced strength to crack propagation. For details see Table 2 . To further manifest the existence and size of the damaged zone, also the crack growth rate da/dN over ∆K may be studied, see Fig. 8 . Here one can clearly see how the crack propagation rate is decreasing as the damaged zone is consumed, i.e. as the islands and ligaments of unbroken material are broken apart until only undamaged material remains. Consequently, when the damaged zone is completely consumed, the crack growth rate is back on the stabilised baseline level. The result for evaluation methods (i a ) and (i b ) can also be found in Fig. 8 . Again, the difference in predicted behaviour is non-negligible.
(ii) fit When looking at the crack propagation for the complete mixed test, see Fig. 9 , it is clear that method (i a ) will overpredict the crack growth rate, in contrast to method (i b ) which will underpredict it. The only method which accurately predicts the correct behaviour is method (ii) where the pre-defined calibration curve will display the correct crack length. The small discrepancy in start and end values for the different evaluation methods is most likely due to the fact that the measurements on the fracture surface is not as accurate as the PD measurements are to describe the fracture surface and also due to numerical rounding off when constructing the different calibration curves. The observations from this clearly shows how one must evaluate the PD signals in order for a correct crack growth behaviour when considering tests with mixed sustained and cyclic loading. 
Sustained load test
The fracture surface of this test is shown in Fig. 10 . For the test the measured final crack length on the fracture surface was 2.94 mm while the calculated, a + D (with a=2.5 mm taken from PD, and D=0.5 mm from Fig. 8 using method (ii) ), gave 3 mm; the test was therefore considered to give the same amount of damaged zone as the mixed test as previously discussed in Section 3.2.
By studying the fracture surface and the influence of the different evaluation methods in Fig. 11 , one can see a similar behaviour as for the cyclic load test, higher crack growth rate for method (i a ) in which the crack area is proportional to the PD signal. A similar increase can be seen for method (i b ) as the crack length increases, which can also be seen in Fig. 5 . The most striking difference in this test compared to the others is that now the damaged zone really plays a central role when studying the final crack length and the resulting K value. 3.3.1. Investigation of the fracture surface An investigation of the above fracture surface (Fig. 10 ) was conducted to see how method (ii) relates to the PD signal by using scanning electron microscopy (SEM) with a Hitachi SU-70. This particular fracture surface used was considered to be the most interesting one due to the fact that a damaged zone will be left on the fracture surface as this test has only been exposed to a sustained load. Images of the fracture surface is seen in Fig. 12 with a number of closer investigations to see how the PD signal might interfere with the different ligaments of unbroken material.
The most notable thing is the high irregularity seen in the intergranular cracking on the part where the dwell time crack growth has occurred, caused by weakening and subsequent cracking as discussed in Section 1. Four distinct regions of unbroken ligaments and islands of unbroken material are identified on the fracture surface. These held the fracture surfaces together when the embrittling of the grain boundaries had taken place and have later been cracked in ductile mode when the test specimen was eventually broken apart.
In addition to the fracture surface study of the sustained load test, one additional identical test was set up to confirm the build-up of the damaged zone. This test was in all ways identical to the previous sustained load test, but unfortunately suffered from an error in the PD signal processing system. As a result, the monitored crack length from this test was deemed unreliable for a more quantitative study. Nevertheless, the fracture surface itself is as valid as the others for structural examinations. Consequently, this test was then prepared and examined in the same way as the previous test. In Fig. 13 three distinct areas of ductile fracture at the edge of final fracture are identified. Note that the black areas on the fracture surface were concluded to be carbon pollution.
The only locations with a ductile fracture mode on the damaged zone were, as seen in Fig. 12 and Fig. 13 , near the edge of the final fracture surface (i.e. intergranular fracture on the rest of the fracture surface, cf. Fig. 14 taken remote from the final crack tip) as these grains have not been exposed to the embrittling mechanism for as long time as the ones further behind.
Summary and conclusions
Evaluation of fatigue crack propagation under dwell time conditions has been conducted for the temperature 550
• C. Three test types were used, 1) a cyclic test, 2) a specially designed test denoted mixed test for model calibration, see [17] and 3) a sustained load test. From the observed crack propagation behaviour and postmortem fracture surface investigations, it can be concluded that the damaged zone is an inherent part of the fracture surface, and not covered by the PD method. With these observations it becomes apparent that the damaged zone has to be incorporated into fracture surface measurements (e.g. when breaking test specimens for setting up post-mortem PD reference curves) and in the development of history dependent crack propagation models. Some additional conclusions are:
• Depending on the evaluation method different crack propagation rates are obtained, which may have a substantial effect on the life modelling of critical components in e.g. gas turbines.
• Correct crack length observations on a fracture surface with tests including dwell times is gained with a pre-defined calibration curve using a damaged zone concept where unbroken ligaments are electrically conductive.
• Evaluation method (ii) provides for the most physically sound explanation when evaluating crack propagation rates for test involving sustained load.
